We attempted to remove musty odor causing components in drinking water by a method of continuous flow extraction using microbubbles of supercritical carbon dioxide (SC-CO, method), which has been developed as an extraction technique for volatile compounds from foods. Both the SC-CO, method (+* MPa, -/ῌ, -3ῌ CO,/sample flow rate, 1 min exposure time) and a powdered activated carbon method were e#ective in removing more than 3*ῌ of the two musty odor components, +,,,1,1-tetramethylnorbornan-,-ol (,-methyl isoborneol ; ,-MIB) and Geosmin (GEO), in the prepared model water. Moreover, foul odors such as the sludgy odor of actual reservoir and city tap water samples were almost completely destroyed by the SC-CO, method (,* MPa, -/ῌ, 1+ῌ CO,/sample flow rate, +-min exposure time). Thus, we concluded that the SC-CO, method was very e#ective for removing foul odor components of water such as those that produce a musty odor.
Introduction
With rise in temperature, tap water develops a musty or algal odor, sometimes causing a social problem. This disagreeable odor is caused by +,,,1,1-tetramethylnorbornan-,-ol (,-methyl isoborneol ; ,-MIB) and geosmin (GEO), which are produced by cyanobacteria such as Phormidium, Anabaena, and Actinomycetes propagating in the water. The threshold concentration of these components is as low as ,* ppt, making it di$cult to remove them to an extent where they are no longer noticed by humans. Various studies have been performed on deodorization (Cook et al. , ,**+ ; Ho et al., ,**,) and to find reliable methods for quantitative analysis (Johnsen and Kuan, +321 ; Conte et al., +330 ; McCallum et al., +332 ; Hassett and Rohwer, +333) . At present, the musty odor of tap water is removed at water filtering plants using powdered activated carbon (PAC) or super filtration combining ozone and granular activated carbon. However, a PAC weight of approximately a million times than that of the musty odor component is necessary for removal, and after the process, PAC must be handled as a troublesome industrial waste material along with the sludge.
Recently, a continuous flow method with microbubbles of supercritical carbon dioxide (SC-CO, method) has been developed to extract volatile compounds from foods. In this method, a microfilter is set at the bottom of a vessel to increase the solubility of CO, in the liquid sample, thereby making it possible to treat liquid samples. Shimoda et al. (+33. , ,***) have reported the e#ective extraction of volatile components from commercial soy sauce and fish sauce by this method. Moreover, by this method, the volatile components could be extracted continuously at room temperature. Hence, this method was deemed potentially applicable to the deodorization of drinking water.
In this study, we compared the removal e$ciency by the SC-CO, method with that of the powdered activated carbon (PAC) treatment for the musty odor components in water. We also tried to find the most cost-e#ective pressure and temperature for removing the musty odor by the SC-CO, method. Finally, we attempted the deodorization of reservoir and tap water by the SC-CO, method.
Materials and Methods
Materials The model water was composed of Milli-Q water (Milli-Q SP-UF, Millipore, Co., Milford, MA) to which +* ppb each of ,-MIB (Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan) and GEO (Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan) were added. Both the reservoir water sample from the Hiroshima Prefectural University and Kyoto city tap water samples with musty odor problems were collected in July ,**+.
Continuous flow treatment with microbubbles of supercritical carbon dioxide Figure + shows the equipment for continuous flow treatment with microbubbles of SC-CO,. Carbon dioxide compressed by a CO, pump was micro-ῌ To whom correspondence should be addressed. E-mail : yhayata@isc.meiji.ac.jp Food Sci. Technol. Res., +, (,), ++3ῌ+,., ,**0 bubbled through a microfilter (pore size +* mm) in a mixing tank, and mixed with the sample water. The mixed sample and SC-CO, were fully agitated in a reacting coil and delivered to a gas-liquid separation tank, and the foul odor components were collected into the gas phase. When the surface of the sample liquid in a gasliquid separation tank touches a thermocouple-ON-sensor, the valve II opens, and the sample is discharged. The discharge is stopped when the surface of the sample liquid is detached from a thermocouple-OFF-sensor. The sample discharged from a valve II is soon decompressed to atmospheric pressure. CO, discharged from valve I is decompressed to atmospheric pressure while the extracted components are collected in a knockout drum.
Conditions of SC-CO, treatment For the model water, the treatment temperatures were -/, ./ and //῍, pressures were 0, +*, +/ and ,* MPa, exposure times were /, 1 and +-min with equipment volume of ,** ml and sample flow rates of +/, -*, .* ml/min, and CO,/sample flow rates were ,/, -3, // and 1+ῌ achieved with CO, flow rates of -.2ῌ +*.0 g/min and sample flow rate of +/ ml/min. For the experiment using actual sample waters, the treatment temperature was -/῍, pressure was ,* MPa, CO,/sample flow rate was 1+ῌ, and exposure time was +-min.
Treatment with powdered activated carbon (PAC) The weight of PAC (Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan), a million times as the weight of the musty odor components, was added to the model water containing +* ppb of the musty odor components. After stirring in +* min with a glass bar, PAC was precipitated and the supernatant was used as a treated sample.
Concentration with Porapak Q column The samples before and after SC-CO, and PAC treatments were concentrated according to the method of Shimoda et al. (+321) . Untreated and treated water were passed through a glass column (f, cmῌ+* cm) filled with +* ml of Porapak Q (polydivinylbenzene, /*ῌ2* mesh, Waters Co., Ltd., Milford, MA). After the odorous component was adsorbed to the Porapak Q, the column was washed with +** ml of distilled water, and odorous components were eluted with +** ml of diethyl ether (Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan). The eluate, to which +* ml of +ῌ cyclohexanol (Katayama Chemical, Inc., Osaka, Japan) was added as an internal standard, was dehydrated with anhydrous sodium sulfate (Wako Pure Chemical Industries, Co., Ltd., Osaka, Japan), concentrated to .* ml in N, gas, and used as a sample for gas chromatography (GC).
Gas Chromatography (GC) analysis A Shimadzu gas chromatograph GC-+1A (Shimadzu Co., Ltd., Kyoto, Japan) equipped with a flame ionization detector (FID) and a DB-WAX (0* mῌ*.,/ mm i.d. ; J&W Scientific, Folsom, CA, USA) column was used for GC analysis. The injector and detector temperatures were set at ,-* and ,/*῍, respectively. The column temperature was kept at .*῍ for +* min, raised to ,,*῍ at -῍/min, and then kept at ,,*῍ for -* min. Helium gas at a flow rate of +.3 ml/min was used as the carrier gas, and the linear velocity was -* cm/sec. Sni#-Gas Chromatography (Sni#-GC) Equipment similar to the above-mentioned GC was used for Sni#-GC. The flow-out sample was separated into two parts at a ratio of + : ,* with a splitter set between the outlet and FID, and the smaller and larger portions were directed to the flow toward the FID side and the sni$ng port, respectively. Three panelists sni#ed the gas flowing into the glass sni$ng port and evaluated the odor intensity in a range of * to -. Oneml of sample was injected with a split-less mode and the other conditions were the same as those of the GC analysis. A Shimadzu Chromatopak C-R 1A (Shimadzu Co. Ltd., Kyoto, Japan) was used as a recorder.
Sensory evaluation Odor extract (.* ml) collected from the model water before and after SC-CO, and PAC treatments was diluted with diethyl ether in the ratio of + : , n until vanishing point of odor, where n was selected from +, ,, -, or n as the dilution factor. The diluted sample was applied to smelling strip (. mm x 1* mm, Totoya, Osaka, 
Japan
), which was then tested and judged by five trained panelists (two men and three women, age range ,, to ,. years, recruited from the Hiroshima Prefectual University).
Results and Discussion
The e#ect of temperature during SC-CO, treatment on the removal ratio of the musty odor components is summarized in Fig., . The removal ratios of ,-MIB and GEO by the PAC and SC-CO, treatments at -/, ./ and //῍ were higher than 31 and 3.ῌ, respectively. Although the SC-CO, treatment was somewhat more e#ective at higher temperatures, the e#ect of temperature was not significant. Furthermore, there was no significant di#er-ence between the SC-CO, treatments at -/, ./ and //῍, and PAC treatment in terms of the results of sensory evaluation performed by sni$ng strips to which odor extract was applied (Fig.-) . Therefore, the subsequent experiments were conducted at -/῍, which was closest to the room temperature among the three temperatures. Figure - demonstrates the e#ect of pressure on the removal ratio of ,-MIB and GEO in the model water by SC-CO, treatments. Under a treatment pressure higher than the critical pressure (1., MPa), approximately 30 and 3/ῌ of ,-MIB and GEO, respectively, were removed. Thus, the removal ratios decreased slightly at higher treatment pressure, the reason for which is not clear. However, our results may support the report of Shimoda et al. (,***) in which removal ratios decreased with the increase in treatment pressure from +* MPa to -* MPa. In contrast, the removal ratios of ,-MIB and GEO at 0 MPa were 03 and 0+ῌ, respectively, which were markedly lower than those at pressure of +* MPa or higher. These results suggest that a treatment pressure higher than the critical pressure is necessary to remove the musty odor components. Therefore, the subsequent experiments were conducted at +* MPa.
The e#ect of the CO,/sample flow rate on the removal ratios of ,-MIB and GEO in the model water by SC-CO, treatment at +* MPa is shown in Fig.. . The removal ratio increased as the CO,/sample flow rate increased, and reached 3+ and 3,ῌ for ,-MIB and GEO, respectively, at a CO,/sample flow rate of -3ῌ. Since further increase in the flow ratio had only a slight e#ect, we considered the most suitable ratio to be -3ῌ.
The removal ratios of ,-MIB and GEO by the SC-CO, treatment with exposure times of / min, 1 min and +-min were 2, and 2/ῌ, 23 and 3+ῌ, and 31 and 31ῌ, respectively (Fig./) . Thus, the removal ratio increased with prolonged exposure times. The removal ratio of ,-MIB and GEO with exposure time of 1 min was approximately 3*ῌ, which was similar to that obtained by PAC treatment on sensory evaluation. Therefore, we considered an expo- Application of Supercritical CO, Bubbling to Deodorizing of Drinking Water sure time of 1 min to be most suitable for a low-cost treatment.
The removal ratios of ,-MIB and GEO by SC-CO, treatment with a CO,/sample flow rate of ,/ῌ, exposure time of +-min and CO, flow rate of -.2 g/min were 02 and .3ῌ, respectively. In contrast, the removal ratios of these two compounds with a CO,/sample flow rate of ,1ῌ, exposure time of / min and CO, flow rate of +*.0 g/min were 2, and 2/ῌ, respectively. Thus, although the CO,/sample flow rate was similar in both cases, the removal ratios of the musty odor components were markedly higher when the exposure time was / min compared to a longer exposure time of +-min. Shimoda et al. (,**+) have reported that there was a close correlation between CO,/sample flow rate and dissolved CO, concentration. We have also obtained similar correlation in this study (data not shown). These results suggested that the removal ratio by the SC-CO, method might depend not only on the dissolved CO, concentration but also on the concentration of treated undissolved CO,.
The cost of equipment for continuous extraction of the musty odor components with SC-CO, may be approximately halved by decreasing the resistance of the equipment to pressure from ,* MPa to +* MPa. The present experiment showed that the treatment at +* MPa is su$-cient for the e#ective removal of the musty odor components. Thus, planning for equipment usable at +* MPa is considered to be practical for lowering the cost of produc- ing odorless drinking water.
The most suitable condition for low-cost removal of the musty odor component by the SC-CO, method was suggested to be -/ῌ, +* MPa, CO,/sample flow rate of -3ῌ, and an exposure time of 1 min. Under these conditions, we examined the e$ciency of the SC-CO, method for deodorization of the reservoir water on the campus of Hiroshima Prefectural University and tap water samples from Kyoto city, with musty odor problems. Table + shows the results of the sni$ng panel tests with Sni#-GC regarding the odor intensity of the reservoir water at the university campus before and after the SC-CO, treatment. In the reservoir water of the university campus, -, odorous components were detected. However, after the SC-CO, treatment, the number of odorous components had decreased to four, the sludgy odor had completely disappeared, and the odor intensity as evaluated by the panelists was very low. Table , shows the results of the sni$ng panel test with Sni#-GC regarding the odor intensity of tap water samples from Kyoto city before and after SC-CO, treatment. In the tap water of Kyoto city, +-odorous components were detected, but the number of odorous components was reduced to five components after the SC-CO, treatment. Both ,-MIB-and GEO-like components were detected in the tap water, and the odor intensity was strong before the SC-CO, treatment. However, after the SC-CO, treatment, the odor almost completely disappeared and these compounds could be only slightly detected. These results show the practicality of the SC-CO, treatment for deodorization of reservoir and tap water. Temperature, -/ῌ ; pressure, +* MPa ; CO, flow rate, +*.0 g/min ; sample flow rate, +/, -* and .* ml/min ; CO,/sample flow rate, ,1, -/ and 1+ῌ ; exposure time, /, 1 and +-min. 
